We studied field and temperature-driven magnetic reversal of epitaxial spin-flop coupled Fe/MnPd bilayers. The onset temperatures for the spin-flop coupling, the loop shift, and the reversal asymmetry were found to be different for the same sample, indicating their sensitivity to different interface components. We show that the induced uniaxial anisotropy is a direct result of the spin-flop coupling, while the loop shift, observed along the bias, and the reversal asymmetry, measured perpendicular to the bias, are likely relevant to the local pinning environments and the remanence state of the ferromagnet. Further, the unidirectional bias can be manipulated by a controlled recooling process, while keeping the spin-flop property unaffected. Finally, we experimentally reveal the temperature-driven magnetization transitions in the thermal hysteresis of the bilayers and demonstrate the important role of competing energy terms on the observation of different types of thermal hysteresis behaviors.
I. INTRODUCTION
Exchange bias (EB) effect 1 in the ferromagnetic (F) and antiferromagnetic (AF) bilayers has attracted much interest for decades due to its wide applications in magnetoelectronic devices. 2 The key factor for EB is the AF spin behavior that contributes to the unidirectional anisotropy K eb , causing the loop shift H eb , and the induced uniaxial anisotropy K u , being responsible for the coercivity enhancement. 3 In most cases, especially in polycrystalline samples, K u is collinear with K eb , hence distinguishing their contributions to the magnetic properties, including their specific effects on magnetic reversals, are not straightforward. 4, 5 Existing models explaining the above effects usually assume an uncompensated AF surface, a collinear F/AF coupling at the interface, and two alternative behaviors of AF spins such that they are either pinned by anisotropy (contributing to the EB) or rotatable with the F magnetization (contributing to the enhanced coercivity).
2, [6] [7] [8] Despite a number of studies on the interesting individual spin behaviors, the various long-range effects, such as the lateral AF spin arrangement 9, 10 and the AF bulk effect, [11] [12] [13] have not been fully investigated. Actually, such effects are quite critical, especially in epitaxial samples, where both structural coherence and magnetic ordering are optimized. For example, an orthogonal F/AF arrangement at the interface should be a natural consequence for a perfectly compensated AF surface regardless of the nature of F/AF coupling, since it minimizes the frustration of exchange coupling from the two AF sublattices. 14 Such spin-flop coupled systems are of great interest as they allow the evaluation of the longrange effects on the EB properties. 13 Additional higher-order anisotropies may arise, resulting in competing effects for magnetization reversal. In this sense, the spin-flop coupling has been demonstrated, both theoretically and experimentally, and interpreted in terms of an effective uniaxial anisotropy perpendicular to the field cooling (FC) direction; [14] [15] [16] [17] [18] however, it cannot explain the unidirectional bias effect, 15, 18 and the loop shift observed in these systems should be attributed to interface effects other than the orthogonal coupling. Actually, random interface roughness for finite size domains would naturally lead to a unidirectional anisotropy, according to the well-accepted Malozemoff's theory. 19 In addition, other defects, such as dislocations, grain boundaries, and surface terraces, could also locally induce uncompensated regions that are oriented preferentially in the presence of the cooling field and thus break the symmetry. 15, 17, [20] [21] [22] As a result, the induced K u is affected by the details of the exchange coupling at the interface, and K eb is connected to other interface parameters, such as defects (natural and artificial), roughness, 23 and the cooling field. These different origins of the EB-induced uniaxial and unidirectional anisotropies also offer the possibility of studying, manipulating, and tailoring such effects independently.
In addition, the F magnetocrystalline anisotropy can be equally important, especially in single crystal samples, with the possibility of a higher-order symmetry such as fourfold. 24, 25 The magnetic reversal is thus determined by the competing anisotropies induced from both interface and crystalline origins. An in-plane spin reorientation transition (SRT) of the ferromagnet may also occur due to the different behavior of the competing anisotropies as a function of temperature, film thickness, or the strength of exchange coupling. [26] [27] [28] This SRT has been theoretically predicted almost a decade ago; 26 however, it is only experimentally reported in a few cases. 18, 29, 30 In spite of the paucity of experiments, the correlation between the observed SRT properties and their origins at the interface needs to be established. A particularly interesting characteristic in such a SRT system is the thermal hysteresis, 31 in which the magnetization switching, from the reoriented state (RS) to the aligned state (AS) and vice versa, is driven by temperature. However, such an effect has been proposed only in theory and has not been experimentally observed so far.
Recently, Zhan et al. reported a low-temperature SRT in epitaxial Fe/MnPd bilayers, and in agreement with earlier theoretical predictions, 26, 27 revealed that such SRT is driven by both the AF thickness and temperature. 32 Another recent work with x-ray imaging showed that such SRT can be also suppressed by the shape anisotropy induced from lithography patterning. 33 However, the temperature dependence of the induced anisotropies and their independent roles on the magnetic reversal has not been addressed. In this work, we have systematically studied the magnetic reversal of epitaxial Fe/MnPd bilayers over a wide range of temperatures. We observed different temperature behavior of the induced anisotropies, using vibrating sample magnetometry (VSM) and anisotropic magnetoresistance (AMR), which are equivalent methods for detecting field-driven magnetic reversals, by measuring magnetic switching from M(H ) and r(H ) curves, respectively. However, the AMR approach is advantageous over magnetometry due to its higher sensitivity to the magnetization distribution during the reversal process. [34] [35] [36] For instance, it is more accurate in determining successive two-step reversals and any possible intermediate states during the reversal, 34 which may be hard to distinguish from the M(H ) curves. In this work, we used AMR as much as possible to probe the magnetic reversal characteristics (Secs. III A and III B) but only used VSM when we studied the thermal hysteresis (Sec. III C) of the magnetization, M(T ). In Sec. III A, we show that the existence of EB can be uniquely confirmed if the following two characteristics are featured in the magnetic reversal: (1) the conventional loop shift observed along the bias direction; (2) an asymmetry in the magnetic reversal, favoring the bias direction along both descending and ascending branches of the hysteresis, when measured perpendicular to the bias. The existence of the unidirectional K eb can be evidenced by the observation of either one of the above. In addition, the onset temperatures were different for the spin-flop coupling, the loop shift, and the reversal asymmetry. In Sec. III B, we demonstrate that the effects of K eb and K u on the magnetic reversal can be distinguished by controlled recooling process even below the blocking temperature T B of the AF. Finally, in Sec. III C, we show experimental evidence for the thermal hysteresis in EB bilayers with SRT and demonstrate the important roles played by the competing energy terms on the different types of thermal hysteresis curves.
II. EXPERIMENTS
Epitaxial Fe (15-nm)/a axis MnPd (40-nm) bilayers in the shape of a 0.5-mm-wide stripe were deposited through a shadow mask on MgO(001) substrates by ion-beam sputtering following our earlier works 37, 38 and specifically the recipe in Ref. 32 . The Ta capping layer (5 nm) was used to prevent oxidation. Au contact pads, ∼70 nm thick, were subsequently deposited for electrical measurements [ Fig. 1(a) ]. Magnetic properties were characterized using a physical property measurement system (PPMS, Quantum Design). Field hysteresis (loop) M(H ) and thermal hysteresis M(T ) were measured over the temperature range from 10 to 300 K by the standard VSM option of the PPMS; resistivity curves r(H ) were measured over the same temperature range by the resistivity option. A conventional four-point geometry was used for the AMR measurement, with the dc current I applied along Fe [010] , an easy direction of the F anisotropy. In Fig. 1(a) , an in-plane rotator was used to achieve different orientations, φ, of the in-plane magnetic field with respect to [010] .
III. RESULTS AND DISCUSSIONS
Previous work has shown that the induced K u reorients from parallel to perpendicular orientation with respect to the K eb [ Fig. 1(a) ], once it is field cooled below T B ∼95 K, of the a axis MnPd. 32 Figure 1(b) showed the hysteresis loop measured at 300 K (dashed), and at 10 K (solid) after cooling from 300 K in a cooling field, H FC = 2 kOe along [010] . At 300 K, the small coercivity, ∼7 Oe, indicates the small reversal barrier of the Fe layer alone. At 10 K, when K eb and K u are both established, a two-step, shifted loop was observed along [ The AMR originates from the anisotropic spin-orbit coupling effect that results in a resistance maximum when the magnetization is aligned along the direction of the current and a minimum when they are mutually orthogonal. The critical fields at which the magnetoresistance switches from a high to a low value (or vice versa) corresponds exactly to the switching fields observed in the hysteresis loop [ Fig. 1(b) ]. In this sense, M(H ) and r(H ) are equivalent methods for measuring the magnetic reversal, but the latter can be readily probed taking advantage of its higher sensitivity and resolution, plus the ability of applying the field along different directions by using the special sample rotator with the resistivity option of PPMS. The FC-independent effect implies that the remanence of Fe magnetization, stabilized along the cubic easy axis by the anisotropy barrier, is sufficient to induce both EB and spin-flop coupling once cooled below T B . The superficial need for the H FC used for the EB is similar to the recent report on the crystallography-driven EB effect 39 and are both unique features of the single-crystal samples due to their strong magnetocrystalline anisotropy. Similar r(H ) curves were measured at different temperatures up to 100 K in steps of 5 K during warming up (Fig. 2) Fig. 3 . We found that the onset temperatures of the three parameters are different. The curve shift H eb vanishes to zero at 60 K [ Fig. 3(a) ], but the intermediate state (symbolizing the presence of K u ) can be persistently observed until 90 K [ Fig. 3(c) ]. On the other hand, r(H ) data along [100] showed that the unidirectional anisotropy field, K eb /M s , derived from the reversal asymmetry, can persist up to 75 K [ Fig. 3(b) ].
Although the three parameters are simultaneously derived from the magnetization reversal, they can be distinct measures of the different interface components, because the microscopic spin structure in the bilayer is changed during the external field sweep as in magnetic reversal measurement. It is likely that the frozen-in states may be changed or destroyed leading to negligible unidirectional but non-negligible uniaxial (higherorder) anisotropy contributions, especially at temperatures close to T B . Similar scenarios have been reported in collinear systems. 8, 42, 43 By using x-ray magnetic dichroism, it was shown that both the unidirectional reversal characteristic and higher-order anisotropies can be present without the observation of the loop shift. 8, 44 Different from the collinear-coupled case, the K u in our sample is a direct result of the spin-flop coupling, and it can be persistently measured up to T B of the MnPd layer, ∼95 K by magnetic reversal. Above T B , the interface frustration by the two AF sublattices disappears (so does the spin-flop coupling), resulting in the simultaneous vanishing of K u . On the other hand, the determination of H eb and K eb /M s are both sensitive to the uncompensated characteristics at the interface, which may be independent of the spin-flop coupling. However, the different onsets of H eb and K eb /M s indicate that the loop shift from magnetization reversal is not an accurate measure of the unidirectional anisotropy of the sample, but rather the reversal asymmetry is. Such reversal asymmetry is usually absent in collinear-coupled systems due to the lack of the distinct intermediate state during reversal. Only with x-ray magnetic dichroism, Ohldag et al. 42 showed that the AF spins in collinearly coupled Co/FeF 2 can rotate with the F moment (H eb = 0), yet the anisotropy direction is still determined by the AF lattice (K eb /M s = 0). Here, by using simple magnetic reversal on a spin-flop system, we directly distinguished H eb and K eb /M s and showed that the temperature onset for the reversal asymmetry is higher than that for the loop shift, yet both are manifestations of the unidirectional bias effect. The true blocking of the EB in this sample should be at 75 K, where all the unidirectional characteristics vanish completely.
In addition to the different sensitivity of K u , H eb , and K eb /M s to the magnetization reversal, it is also necessary to discuss their possible interface origins. As mentioned earlier, K u can be directly explained by the spin-flop coupling. However, the necessary reversal pinning for explaining H eb and K eb /M s is missing if a perfectly compensated interface is present. 45 H eb and K eb /M s are thus related to interface uncompensation caused by roughness, defects, surface terraces, or antiphase boundaries. 17, 19, 46 The independent origin of unidirectional anisotropy is also supported experimentally by the simple fact that realistic negative, 32 positive, 18 and zero bias 47 have all been observed in spin-flop systems. The different signs of the bias can be attributed to local uncompensation spins plus the nature of F/AF coupling at the interface, i.e., either F (negative bias) or AF (positive bias). To further explore the different interface origins, we fitted the H s (T ), H eb (T ), and K eb /M s (T ) with the Malozemoff model, 19, 48 i.e., H eff (T ) = H eff (0) × (1 − T /T cri ) γ , where H eff is substituted with H eb , K eb /M s , and H s , with T cri = 60, 75, and 90 K, respectively. The key parameter γ is a measure of the AF ordering, where γ = 1 indicates perfect cubic AF anisotropy. 49, 50 The fitted γ for H eb , K eb /M s , and H s are 2.6, 2.0, and 1.7, respectively. Both H eb and K eb /M s shows quite significant deviation from the case of cubic AF anisotropy, indicating that they are relatively independent with the long-range spin arrangements at the interface. However, H s shows a smaller deviation as it results from the spin-flop coupling due to the interfacial long-range ordering. As a result, although the Malozemoff thoery is not an ideal model for our spin-flop bilayers, it provides a qualitative measure for the different interface origins of the uniaxial anisotropy and the unidirectional anisotropy. Such differences in origin further give rise to the possibility of separating their contributions in the magnetic reversal, as will be discussed in the next section.
B. Separation of the H eb and H s
The different interface origins of the EB-induced anisotropies further enable the independent manipulation of H eb and H s by controlled FC experiments. At any temperatures below T B , resetting the cooling field does not affect K u because the intrinsic spin-flop coupling is frozen in. However, H eb is sensitive to the local pinning environment, which can be altered (at least partially) by resetting the cooling field even below T B . Figure 4 illustrates such a recooling process at four different T int = 15, 20, 25, and 30 K. The sample is initially cooled from 300 to 10 K at H FC = 2 kOe along [010] and then heated up to T int , at which an r(H ) curve is measured (left panel in Fig. 4) . Second, without altering the direction of H FC , the strength of H FC is fixed at a select value that stabilizes the magnetization along K u (low-resistance state), taking advantage of the intrinsic SRT. We point out that different H FC are used for different T int . Next, the sample is cooled to 10 K under this new H FC , and the r(H ) curve is measured again (right panel in Fig. 4) . When compared to the initial r(H ) at 10 K [ Fig. 2(a) ], all the new r(H ) curves show a reduced H eb and a slightly enhanced H s . For T int = 30 K, r(H ) measured after this particular recooling process is almost symmetrical with H = 0 [ Fig. 4(h) ], implying the erasing of H eb along [010] .
The underlying mechanism for such independent manipulation of H eb is the redistribution of the pinning directions from primarily [010] to [100] and [−100] through the above recooling process. It relies on two facts: (1) the local pinning effects have lower thermal stabilities and therefore can be reset at T int (<T B ); (2) the resultant K eb can be efficiently set/reset just by the remanence of the F magnetization without using appreciable H FC as discussed in Sec. III A. Here, the direction of H FC is kept unchanged along [010] during recooling from T int to 10 K; thus, an almost equal amount of pinning is expected to be induced along [100] and [−100] without changing the symmetry of the system. Such increased pinning along both ends of K u leads to the slight enhancement of H s . As a result, using such controlled recooling processes, we can tune the value of H eb at low temperatures from its maximum to zero, while keeping the value of H s and the symmetry of the system nearly unchanged. Finally, we want to point out that such tuning may be also achieved by directly applying a new H FC along another direction (such as [100] and [−100]) at T int to reorient the Fe magnetization, instead of using the intrinsic SRT. However, such a method will simultaneously develop a new unidirectional bias along the new H FC and break the existing symmetry of the system.
C. Thermal hysteresis
Thermal hysteresis, although not new for magnetic multilayers, [51] [52] [53] [54] has been only theoretically proposed in EB bilayers exhibiting the SRT, where the magnetic reversal from the RS to the AS (and vice versa) is expected to take place upon temperature increase/decrease, under competing magnetic energies. 31 The pioneering theoretical work showed the competing effect between the strong, induced K u and the tunable Zeeman energy on the temperature-driven reversals. 31 Two types of thermal behavior have been proposed in distinct cases under low and high Zeeman energies, respectively. This theoretical frame is probably sufficient when dealing with Fe/FeF 2 system, 18 as the spin-flop coupling induces a strong K u at the Fe-FeF 2 interface and a much weaker K eb . However in our Fe/MnPd bilayers, a comparable K eb also exists (in addition to K u ) that acts essentially as a temperature-dependent effective field on the sample. Depending on the relative orientation, such an effective field can either add on or cancel out the external applied field. This further complicates the system, especially when the temperature onset and dependence are different for K eb and K u . Finally, the temperature-driven F layer reversal at T > T B also needs to be considered. Since K eb is temperature dependent, it is possible that the reversal is first governed by K eb at low temperatures but then taken over by H m at high temperatures (type-II). If K eb and H m are compensated, the system is dominated by the single K u ; therefore, no reversal occurs throughout the temperature sweep (type-IV). The relative anisotropy strengths at selective temperatures (1-6) are also illustrated.
an increase of M in the M(T ) curve. At this point, if the sample is cooled back to low temperature, the magnetization will hold along [010] due to the reestablishment of the K eb (type-I in Fig. 5 ). This behavior is of potential interest for magnetoelectronic applications in that a switch from an initial magnetic state to another final state is produced upon one temperature cycle. However, if the temperature further increases, K eb will varnish, and the magnetization is continuously held along [010] by the Fe anisotropy barrier. Since the Fe anisotropy also decays with increasing temperature, eventually the external field can overcome the Fe barrier and the magnetic reversal occurs (type-II in Fig. 5 ). If the sample is then cooled to low temperature, a negative K eb will establish and hold the magnetization along [0-10]. The transition point for [010] → [0-10] depends on the temperature behavior of K eb and the Fe barrier, as well as the value of the external field. If a sufficiently large external field is present, the transition may occur at the beginning of the measurement, where a decrease of M in the M(T ) curve is observed (type-III in Fig. 5) . As a result, it is the nonintermittent competition between the temperature-dependent K eb and the constant external field that drives the temperature-driven magnetic reversal. Finally, if the two parameters exactly cancel out, another alternative scenario in which the magnetization is constantly held along RS by the single effective K u can also happen. In this case, no temperature-driven reversal will be observed throughout the temperature sweeping (type-IV in Fig. 5) .
We studied such temperature-driven reversals in our Fe/MnPd EB bilayers. First, the hysteresis loop is measured at 10 K [ Fig. 6(a) , middle panel] after FC from 300 K at H FC = 2 kOe along [010]. Second, without changing the direction of H FC , its strength is fixed at a select value, H m , that aligns the magnetization along the perpendicular RS in the ascending branch. H m is indicated, in the middle panel of Fig. 6(a) , by a solid dot on top of the loop. In previous theoretical work, a small, positive H m is usually good enough to stabilize the RS at low temperatures owing to the strong, induced perpendicular K u . 31 However in our sample, a strong K eb , in addition to K u , is also induced, which is virtually equivalent to an effective field along [010]. Hence, negative values of H m , which partly cancels the K eb , need to be used to initialize the RS at 10 K in our case. With the field being fixed at H m , a thermal hysteresis curve, M(T ), is then measured on heating the sample to 300 K (ascending) and cooling it to 10 K (descending). Fig. 6(a) ]. ) if subject to a minor thermal hysteresis, i.e., heating and measuring from 10 K to any T between T 1 and T 2 , and cooling to 10 K (type-I). This is experimentally illustrated by the minor curve at H m = −20 Oe [ Fig. 6(c) ]. Subsequently, the hysteresis loop measured at 10 K shows the conventional negative bias [upper panel in Fig. 6(a) ].
Both the RS (stabilized by K u ) and the loop shift (induced by K eb ) originate at the interface and point to certain exchange energies, which are proportional to the thermal average value of the AF spins at the interface. Since the interface exchange energy vanishes at sufficiently high temperature, a transition in the heating branch is certain to occur. However, whether the magnetization transitions to [010] As mentioned above, a nontrivial, negative H m is used to compensate K eb and initialize the RS state. Such compensation is not maintained throughout the temperature sweep, since K eb eventually vanishes at increasing temperatures. However, in Sec. III B, we showed that the K eb can be independently manipulated by the specific recooling process. As a result, it is possible to study the temperature-driven reversal after appropriately erasing the K eb along [010] . For example, after the initial FC from 300 to 10 K at H FC = 2 kOe along [010], the sample is heated to T int = 30 K and subsequently cooled to 10 K, at a reduced H FC = 40 Oe (still along [010] ) that reorients the Fe magnetization along K u . The hysteresis loop at 10 K after the recooling exhibits nearly no loop shift (H eb ∼ 0), as shown by the middle panel in Fig. 7(a) Fig. 7(f) ]. As a result, the observed curves are primarily type-I or type-III, with only one transition observed over the whole temperature cycle.
We note that the measurement at exactly zero H m [ Fig. 7 (e)] also exhibits a transition to opposite AS ([0-10]), which may be due to the imperfect erasing of the H eb during the recooling experiment (negative effective field). This small residue of H eb can be balanced by applying a comparable H m with opposite sign to completely get rid of the effective pinning field along the [010] direction. On top of this assumption, if this H m is also smaller than the Fe coercivity up to 300 K, the switching to other states above T B can be prevented as well. In reality, we observed such a situation at H m = 5 Oe [ Fig. 7(d) cycle (type-IV). As a result, when the K eb along [010] is properly balanced, the RS is stabilized by the perpendicular K u up to T B and then by the Fe reversal barrier, i.e., 7 Oe (>H m ) at 300 K, up to the maximum temperature (300 K) used in the measurement.
IV. CONCLUSION
In summary, we have carefully characterized the magnetic reversal properties in epitaxial Fe/MnPd bilayers exhibiting SRT. The existence of EB is characterized by two features in the magnetic reversal, i.e., the conventional loop shift observed along the bias direction and the reversal asymmetry measured perpendicular to the bias. Further, the different onset temperatures for the spin-flop coupling, the loop shift, and the reversal asymmetry indicate their sensitivity to different interface components. The induced K u is a direct result of the spin-flop coupling, while H eb and the reversal asymmetry are more relevant to the local pinning environments and the remanent state of the ferromagnet. In addition, we showed that the unidirectional bias can be independently manipulated by a controlled recooling process, while keeping the spin-flop property unaffected.
We also showed experimental evidence for the thermal hysteresis in EB bilayers exhibiting SRT. On the heating branch, we observed two distinct transitions, below and above T B , which are driven primarily by the interface exchange energy and the Zeeman energy, respectively. The first transition is determined by the effective field along AS and can favor two opposite directions (AS and opposite AS) at different effective fields. The second transition is driven by the competition between the external field and the reversal barrier of the ferromagnet. On the cooling curve, the new EB established by the F remnant magnetization can prohibit the transition back to the RS at low temperatures. However, once the bias is erased (by the recooling experiment), the transitions are determined primarily by the external field, i.e., the transition simply favors AS and opposite AS when positive and negative fields are used, respectively. Moreover, if the external field is sufficiently small, i.e., less than the reversal barrier, the magnetization is constantly stabilized along the RS over the whole temperature cycle.
